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The Influence of Unilateral Electrical Muscle Stimulation
on Motor Unit Activity Patterns in Atrophic Human
Quadriceps
The efficacy of electrical muscle stimulation
to restore motor function was investigated in
fifteen males who described prior knee surgery/
injury. Persisting strength imbalance between
limbs related also to reduction in cross-sec-
tional area of the affected quadriceps, as as-
sessed by computed tomOfjraphy of the mid-
thigh. Subjects underwent a four-week pro-
gramme of daily electro-motor stimulation with
repeated assessment of fOlce production by the
knee extensors, correlated with surface electro-
myography. Results showed no change in quad-
riceps cross-sectional area over the course of
the study, however, significant improvements in
force production for both limbs were achieved,
accompanied by alteration in motor unit activity
patterns to suggest that neural efficiency of
motor unit activation (synchronization) may ac-
count for the improvements, as opposed to a
marked morphological contribution.
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Musculoskeletal disorders often
present as a combination of factors
affecting articular structures and ad-
jacent soft tissues, with treatment ra-
tionales attempting to restore mechan-
ical integrity, promote efficient repair
and facilitate normal function of the
surrounding musculature. However,
voluntary strength training methods
(viz static or dynamic, resistive exer-
cise), may be inappropriate to re-edu-
cate the neuromuscular apparatus; par-
ticularly when neurogenic inhibition
opposes efficient motor activation. In
some instances this sequelae may be
sufficient to promote chronic muscle
dysfunction (Stokes and Young 1984)
(Figure 1).
It is in this environment that elec-
trical muscle stimulation (EMS) ap-
pears to provide an efficacious means
of re-activating muscle, based on the
potential to optimally recruit the con-
tractile apparatus and also in pro-
ducing a simultaneous sensory input to
the nervous system which may pro-
foundly modify the extent of voluntary
motor control (Vodovnik 1981). Hymes
et al (1974) has proposed that EMS
may act in a similar pain suppressing
mode as transcutaneous electrical nerve
stimulation (TENS), providing further
explanation for clinical results which
describe reduced reliance on post-op-
erative pain medication, in addition to
improving motor function (Gould et al
1983). Muscle biochemistry studies by
Eriksson and Haggmark (1979) and
Stanish et af (1981), performed during
periods of limb immobilization, have
indicated that electrically induced mus-
cle tension maintains oxidative metab-
olism at levels conducive to normal
function, an important requirement for
contractile efficiency. Recovery rate of
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Figure 1: Hypothesized neurogenic inhibition arising from mechanical joint dys-
function (modified from Stokes and Young 1984).
y TRAUMA / OVERUSE
~
~
j}
MUSCLE PAIN JOINT
DYSFUNCTION \1 DYSFUNCTION
~ d/REFLEX INHIBITION
motor performance has also been en-
hanced by pericutaneous electrical
stimulation delivered during the period
of immobilization, compared with sub-
jects who exercised their quadriceps
with voluntary isometric contractions
(Eriksson and Haggmark 1979, Gould
et al 1983). Increases in force produc-
tion following EMS have paralleled
voluntary strength training trends (Er-
iksson et af 1981, Laughman et af 1983),
and although contradictory results have
been reported, these may reflect dif-
ferences in study design, assessment
and analysis criteria, stimulus para-
meters and subject compliance.
Strength gains associated with EMS
have not been conditional on achieving
maximal contractile torques, consid-
ered necessary for strength develop-
ment during voluntary exercise; this
suggests that improved neural activa-
tion of the contractile apparatus may
provide a possible explanation for this
effect. The neurogenic component of
strength development has been exam-
ined in normal subjects undertaking
voluntary resistive exercise; the prin-
ciple finding is that of a significant
change in the pattern and extent of
motor unit activation during the initial
phase of training, as evidenced by the
increases in electromyographic activity
recorded from the exercised muscle and
the enhanced coincidence of synchron-
ous motor discharge (Moritani and de
Vries 1979, Wood et af 1983). This
phenomenon may be demonstrated sta-
tistically, as highly correlated muscle
action potential recordings from dis-
crete motor unit areas, suggestive of
motor unit synchronization (Milner-
Brown et aI1975). Morphological con-
tributions to increased force develop-
ment may be demonstrated after 4-6
weeks of training, as assessed by serial
girth measurements corrected for sub-
cutaneous tissue thickness (Moritani
and de Vries 1979), or by cross-sec-
tional area (CSA) evaluation by ultra-
sonography (young et af 1983) or CT
scanning (Haggmark et af 1978,
Maughan et al 1983). These techniques
have provided further insight into the
time course of strength increases and
the relative contributions from neuro-
genic and myogenic influences.
The intention of the present study
was to investigate the possible under-
lying mechanisms which contribute to
enhanced neuro-motor performance
following the application of EMS to
chronically weakened musculature, and
thereby provide additional insight into
the efficacy of this modality. Prior to
the study commencing and again at the
conclusion, bilateral CT scans of the
mid-thigh were performed. This tech-
nique was utilized to discern the influ-
ence of previous limb injury on knee
extensor cross-sectional area and to
provide a sensitive measure of changes
in quadriceps CSA that may reflect the
four-week programme of EMS. The
contralateral limb was adopted as the
control to minimize inter-subject var-
iability, and as Salmons and Hendriks-
son (1981) suggest, to allow for pos-
sible systemic influences from the
unilaterial stimulation programme.
Methods
Data were collected from fifteen
males [mean age 34.4 yrs, SD = 5.8]
who volunteered for a four-week pro-
gramme of EMS to their affected quad-
riceps musculature. Each subject re-
ported a previous history of lower limb
or knee joint injury/surgery (mean =
7.1 years post-injury), presenting with
a mean residual strength imbalance of
21.7070 compared to their unaffected
limb. These subjects were provided with
a portable muscle stimulator (Bios-
tim®/Myocare®/Respond II®) and in-
structed in the application of EMS to
their weakened quadriceps group for a
period of fifteen minutes each day. The
proximal stimulating electrode was po-
sitioned anteriorly on the thigh adja-
cent to the femoral triangle, with the
distal electrode sited near the midline,
about five centimeters above the pa-
tella. Moistened sponges were used as
the conducting medium, and together
with the electrodes, maintained in po-
sition with elasticised bands. Partici-
pants were encouraged to attain a com-
fortable stimulus at an intensity that
produced a tetanic contraction of the
quadriceps muscle, with the limb re-
strained semiflexed, approximating the
test angle. The stimulators were pro-
grammed for a fifteen minute treat-
ment, cycling an eight second current,
ramped over the first two seconds; fol-
lowed by a ten second zero charge.
Although stimulus parameters were
slightly variant between the three
models (see Appendix), no significant
differences in outcome distinguished
one or other unit. There were no ad-
verse responses to using this modality
in the manner described and full com-
pliance with the home programme was
achieved. Although many participants
had curtailed vigorous physical activi-
ties following their knee problems, they
were requested to refrain from addi-
tional exercise involvement for the du-
ration of the study to reduce the in-
troduction of confounding variables.
In the fortnight prior to the study
two preliminary tests were conducted,
to establish an appropriate criterion of
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Figure 3: Schematic representation of the data acquisition and post-processing
system.
knee extensor strength for both limbs,
with Pearson product moment corre-
lations indicating satisfactory reliabil-
ity (r=0.78 and r=0.72, p<0.OO5;
affected and contralateral limb respec-
tively). The force production assess-
ments were then repeated on a weekly
basis for analysis of force production
and motor unit activation patterns,
with each limb tested to ascertain the
differential training effects achieved by
EMS. A minimum of three maximal
knee extensions were required against
a static resistance with the knee joint
maintained at approximately sixty de-
grees. Electromyographic recordings
were obtained from m. vastus lateralis
during the maximal voluntary contrac-
tions (MVC), using a bipolar electrode
plate that permitted two pairs of rer-
cordings from anatomically discrete
(four centimeter interelectrode dis-
tance) motor unit regions from tq,e
same muscle (Gydikov 1976) (Figure
2).
Figure 2: Surface electromyographic
electrode plate positioned over m. vas-
tus lateralis at the mid-thigh intersec-
tion, recording from two discrete motor
unit areas four centimetres apart. Ref-
erence electrode is sited over the lat-
eral aspect of the femoral condyle.
The two EMG recordings were am-
plified [Grass Instruments P-5 pre-am-
plifiers: 3dB down at 10Hz and 10kHz],
and together with the analogue force
signals recorded from a transducer
fixed proximally on the dynamometer
(Rotagym@, SCHUMAK Industries,
Naracoorte, SA 5271), were converted
to digital time series using a PDP.d 1/
23 lab computer [sampling rate 1kHz]
(Figure 3). The EMG data from each
trial were submitted to time series anal-
ysis [TSA] (Henstridge 1982), involving
transformation of the frequency spec-
trum for each pair of EMG signals and
determining the cross spectral relation-
ships [degree of signal coherency across
the frequency range examined [10-
120Hz)]. The comparisons of power
spectrum and coherency changes were
achieved by normalizing all periodo-
gram data and averaging these across
15Hz frequency bands.
In addition, each subject attended
for a bilateral CT scan both before and
at the conclusion of the training period
to assess the cross-sectional area (CSA)
of their mid-thigh musculature. The
scans were enlarged and the quadriceps
muscle area digitized by a planimetric
technique, as described by Maughan et
af (1983). The preliminary scan re-
vealed an 11 per cent reduction in CSA
of the affected quadriceps musculature
(9.32 cm2), the contralateral limb meas-
uring within the normal range for this
age group in relation to data from
Bulcke et af (1979). Data inspection
was completed by analysis of variance
(ANOVA) with repeated measures
across each variable (Winer 1971); sta-
tistical significance was accepted at the
p <0.05 probability level.
Results and Discussion
There was a significant alteration in
force production for both limbs fol-
lowing this programme. The initial dif-
ference in joint torque recorded be-
tween limbs reduced slightly over the
time course of the study, both dem-
onstrating a linear increase in static
strength. During the study, three sub-
jects described knee joint discomfort
during the MVC exertions and subse-
quent maximal effort was discouraged,
as it was anticipated that changes in
motor unit activity patterns would also
be detected from a submaximal (75070)
contraction (De Luca 1979). The anal-
ysis revealed a 22070 increase
[+37.6N.m, p<O.OOI] in mean force
production for the treated limb and
14070 [ + 29N.m, p <0.01] improvement
for the unstimulated limb (Figure 4).
These results are consistent with
other clinical studies where a signifi-
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Figure 4: Linear training effects recorded from daily electrical muscle stimulation to the quadriceps muscle resulting in a
22% force increase for the stimulated limb and a 14% improvement for the contralateral limb.
POWER DENSITY SPECTRA OF THE EMG SIGNAL cant increase in force production was
achieved following the administration
of EMS (Eriksson and Haggmark 1979,
Johnson et af 1977, Gould et aJ 1983,
Lainey et af 1983). Additionally, the
present findings revealed a left shift in
the EMG power spectrum towards the
low frequency range (10-40Hz) (Figure
5), demonstrated from both the stim-
ulated and unstimulated limb data
(Figure 6). The EMG results were sim-
ilar to those described by Wood and
colleagues (1983) after voluntary iso-
kinetic training of the knee extensors,
and following dynamic strength train-
ing of the elbow flexors (Moritani and
de Vries 1979). This finding supports
the contention that the increased mus-
cle force production reflected an alter-
ation in motor unit activation patterns
more than any marked morphological
posterior tibial nerve. It was proposed
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Figure 5: Schematic representation indicating a left shift in the power spectrum
of the voluntary electromyogram following strength training, suggestive of en-
hanced motor unit synchronization (modified from De Luca 1984).
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improvement. This distinction was
considered as there had been no sig-
nificant increase in muscle cross-sec-
tional area revealed by the CT scans,
the mean change being + 2.72<tfo
(2.1cm\ p>O.05).
Similarities were observed in these
results for both limbs indicating the
possibility of a bilateral training effect.
The phenomenon of cross-transfer,
suggestive of facilitatory influences
within the nervous system affecting
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Figure 6: Effects of electrical muscle stimulation on the power spectrum of the surface electromyogram, describing the
increase in energy recorded from the low frequency bandwidth (10-40Hz). The 40-60Hz band is not represented due to signal
contamination from a 50Hz notch filter used to suppress mains interference.
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* As measured across a 1k D resistor.
Appendix
Electrical muscle stimulatofs employed during this study
both motorneurone pools, has been
previously reported after conventional
voluntary strength training (Helle-
brandt 1951, Coleman 1969) and has
been extensively studied in the psycho-
biological literature [see Sage (1971)
and Schmidt (1975) for reviews]. While
the precise mechanism mediating bi-
lateral transfer remains obscure, there
is growing evidence from electrophy-
siologic research revealing a complex
interaction within the spinal cord, sub-
cortical and cortical areas, regulating
widespread motor outflow patterns in
both limbs. Animal model experiments
performed by Shimamura and Living-
stone (1963), have demonstrated a bi-
lateral 'long-loop' conducting system
following electrical stimulation of dor-
sal root afferents. These authors pro-
posed the 'spino-bulbo-spinal' path-
way, on the basis of response latencies
between afferent stimulus input to the
spinal cord and the bulbar reticular
formation, followed by bilateral ven-
tral root discharge recordings through-
out the spinal motorneurone pool.
Meier-Ewert et al (1972) provided ex-
perimental support for the influence of
electrical stimulation on contralateral
outflow patterns in man. Following cu-
taneous stimulation of the foot and
finger tips, associated reflex potentials
were observed in the electromyograms
of several paired muscle groups, re-
vealing a centrifugal pattern of motor
responses correlating response latencies
with the increasing peripheralisation.
Robinson et al (1979) have described
bilateral augmentation of motor re-
flexes when monitoring the response to
ipsilateral electrical stimulation of the
posterior tibial nerve. It was proposed
that this finding, suggestive of supras-
pinal reflex influences, may relate to
functional motor control, as in the
regulation and timing of gait patterns
and postural coordination.
In the present study, marked simi-
larities between the alterations in EMG
responses of both limbs (viz power
spectral changes) over the four-week
training period, suggest the possibility
of facilitatory influences on the spinal
60mA80mA
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ELECTRICAL MUSCLE STIMULATORS: THEIR WAVE
SHAPE AND PULSE TRAIN CHARACTERISTICS
TEMPORAL PARAMETERS STANDARDIZED FOR
ALL STIMULATORS:
Ramp to Peak Intensity = 2 secs:
On Period =6 secs:
Zero Charge Period = 10 secs:
Treatment Duration = 15 minutes.
MANUFACTURER ADDRESSES:
BIOSTIM [24BS] Bio-Electronics. 109 Buckley St.
Essendon, Vic 3040.
MYOCARE [6285] 3M Australia/PO Box 99, Pymble.
NSW 2073.
RESPOND II [3128] Medtronic Australasia, 22 Clarke
St, Crowsnest. NSW 2065.
The stimulator output characteristics were evaluated by
oscilloscope (BWD 939B) and the following summary de-
scribes the findings:
STIMULATOR:
WAVE SHAPE:
FREQUENCY:
PULSE WIDTH:
INTERPULSE:
SIGNAL
OUTPUT:*
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motorneurone pool optimizing volun-
tary motor unit activation patterns. The
enhanced motor performance recorded
for both limbs (viz 22 and 14 per cent
increases in force development for the
stimulated and contralateral limbs re-
spectively), paralleled the results of
Laughman et af (1983) following uni-
lateral EMS of the quadriceps muscle
in normal subjects. These results pro-
vide a useful area for further study, to
define the possible mechanisms con-
tributing to this trend and to confirm
the reproducibility of achieving bilat-
eral training effects.
Conclusions
The observed improvements in mus-
cle function following four weeks of
daily administration of EMS were s~
ported by EMG analysis, suggestive of
an increased synchronization (coher-
ency) in neural drive to various
ments of the same contractile appara-
tus. In addition, the non-significant
increase in cross-sectional area, as
measured by bilateral CT scans of the
knee extensors, further supports the
view that changes in force production
reflected a neuro-muscular efficiency
rather than marked hypertrophic influ-
ences. The significant increase in force
production for the unstimulated limb
may be accounted for by facilitatory
influences on the contralateral alpha
motorneurone pool, related to the af-
ferent input from EMS. This support
for a 'bilateral training effect', should
not be ignored as a potential rehabili-
tation facility, particularly when uni-
lateral muscle function is impaired, as
in limb immobilization following intra-
articular reconstructive surgery. Within
the spectrum of musculoskeletal ther-
apy, EMS would appear to provide a
well tolerated, effective method of op-
timizing neuro-motor function, partic-
ularly when voluntary exercise is com-
promised. The mechanisms involved in
this process may relate to the intense
sensorimotor input directly facilitating
the contractile apparatus, in concert
with possible re-programming of mo-
tor outflow patterns.
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